The genetic manipulation of marine double-stranded DNA (dsDNA) bacteriophage PM2 (Corticoviridae) has been limited so far. The isolation of an autonomously replicating DNA element of Pseudoalteromonas haloplanktis TAC125 and construction of a shuttle vector replicating in both Escherichia coli and Pseudoalteromonas enabled us to design a set of conjugative shuttle plasmids encoding tRNA suppressors for amber mutations. Using a host strain carrying a suppressor plasmid allows the introduction and analysis of nonsense mutations in PM2. Here, we describe the isolation and characterization of a suppressor-sensitive PM2 sus2 mutant deficient in the structural protein P10. To infect and replicate, PM2 delivers its 10-kbp genome across the cell envelopes of two gram-negative Pseudoalteromonas species. The events leading to the internalization of the circular supercoiled dsDNA are puzzling. In a poorly understood process that follows receptor recognition, the virion capsid disassembles and the internal membrane fuses with the host outer membrane. While beginning to unravel the mechanism of this process, we found that protein P10 plays an essential role in the host cell penetration.
The study of membrane-containing bacteriophages has produced notable knowledge of the assembly and structure of biological membranes and virus structures (18, 32) . The availability of genetic tools has been valuable in the study of many bacterial viruses with a membrane (36, 37) . The understanding of these sophisticated virus systems has relied on the isolation and analysis of phage mutants. A recent example of this is the X-ray crystallography structure of the membrane-containing phage PRD1, which was solved using a nonsense mutant particle, Sus539, lacking the receptor binding protein P2 (1, 8) . Moreover, suppressor-sensitive mutants of PRD1 have been valuable in assigning functions to viral proteins. Recently, we initiated the structural characterization of bacteriophage PM2 as a new model system (2, 19 ; N. G. Abrescia, J. M. Grimes, H. M. Kivelä, R. E. Assenberg, G. E. Sutton, S. J. Butcher, J. K. H. Bamford, D. H. Bamford, and D. I. Stuart, submitted for publication). However, construction of PM2 mutants has been limited by the fact that there have been no host bacteria containing suppressor activity available for PM2.
The double-stranded DNA (dsDNA) virus PM2 has at least two host bacteria: it replicates in the marine gram-negative bacterium Pseudoalteromonas espejiana BAL-31 and in Pseudoalteromonas sp. strain ER72M2 (14, 16, 25) . PM2 exhibits distinctive features, such as a highly supercoiled, circular dsDNA genome (10 kbp) and a membrane residing under an icosahedral protein coat (for a review, see reference 3). PM2 is the type virus of the family Corticoviridae and still the only known isolate of this virus group. A schematic presentation of the PM2 virion organization is shown in Fig. 1 . Recently, using a comparative genomic approach, putative corticoviral prophage elements were identified in chromosomes from aquatic bacteria of the phylum Proteobacteria (28) . It appears that aquatic bacteria have been and still are in contact with numerous PM2-like viruses. The structure of the tailless phage PM2 has been studied using cryoelectron microscopy combined with three-dimensional image reconstruction (19) and, more recently, X-ray crystallography. The entire 45-MDa PM2 virion with the inner membrane and the circular DNA has been crystallized (Abrescia et al., submitted). The virion contains 10 virus-encoded protein species (Fig. 1) . The internal membrane is covered by the protein capsid, composed of the major capsid protein and the receptor binding protein (24) . The trimeric capsid protein P2, with a double ␤-barrel motif, is organized on an icosahedral pseudo-Tϭ21 lattice (19; Abrescia et al., submitted). The P2 fold is similar to that observed in phage PRD1, the type virus of the family Tectiviridae, and a number of other large icosahedral dsDNA viruses, such as adenovirus, Paramecium bursaria chlorellavirus 1, and the archaeal virus Sulfolobus turreted icosahedral virus (5, 21, 38) . At the vertices, the pentameric, trumpet-shaped P1 protein complexes build up the spike structures (19; Abrescia et al., submitted) . The virus membrane is composed of phosphatidylglycerol (ϳ66%) and phosphatidylethanolamine (ϳ34%), deviating from the composition of the host's cytoplasmic membrane (phosphatidyl-glycerol, 25%; phosphatidylethanolamine, 75%) (31) . The membrane lipids are selectively acquired from the host cytoplasmic membrane during virus assembly (13) . Other structural proteins, P3 to P10, associate with the viral lipid bilayer, enclosing the genome and forming a lipid core particle ( Fig. 1 ) (19, 24, 25) .
During the virus replication cycle, receptor binding on the host cell surface leads to genome entry. Bacteriophages have adopted various strategies to overcome the barrier of the bacterial cell envelope. Generally, the capsid of bacterial viruses remains outside the cell while the nucleic acid is delivered from the capsid via genome delivery machinery located at one of the vertices. This strategy is employed by all known tailed dsDNA phages and icosahedral single-stranded RNA phages, as well as dsDNA tectiviruses, e.g., PRD1 (for a review, see reference 40). In most membrane-containing viruses, viral and host membranes fuse during viral entry (for reviews, see references 9 and 22). The fusion event is triggered by receptor recognition or by lowering of pH in the endosome. The bacterial virus PRD1 also uses its internal membrane vesicle for genome delivery (17) . The receptor recognition is a signal for conformational changes in the vertex structure, allowing the membrane to undergo a transformation from a spherical vesicle to a tubular structure, which protrudes though an opening of the vertex. Also in PM2, the internal membrane plays a key role in the viral DNA delivery, but the entry process leads to dissociation of the virion capsid, and the fusion-active membrane vesicle carrying the nucleic acid is exposed (23) . Thus, the mechanism differs from the other described entry mechanism of dsDNA bacteriophages, resembling more closely that of the enveloped animal viruses.
PM2 infection starts with the specific recognition of the receptor by the distal C-terminal domain of the spike protein P1 (23) . The virus receptor is still unidentified. The presence of calcium in the crystal structure of the receptor binding domain of P1 and its strong structural similarity to the family of bacterial calcium-dependent carbohydrate binding modules (CBM36) suggest a calcium-mediated carbohydrate binding activity for P1 (probably to the lipopolysaccharides) (Abrescia et al., submitted) . The receptor binding is a signal that is transmitted to the capsid and leads to the release of the protein shell, which exposes the internal membrane surface. The evidence that the PM2 membrane fuses with the host cell has been obtained by measuring ion fluxes across the cell envelope during virus entry (23) . Transient permeability of the host cell membrane to lipophilic compounds is induced, apparently due to the lack of lipopolysaccharides in the host outer membrane area contributed by the PM2 membrane. One peptidoglycan active protein has been shown to be associated with the lipid core (23, 44) . The membrane-bound lytic enzyme presumably assists in the opening of the bacterial cell wall. Efflux of potassium ions from the cytoplasm concomitant with PM2 entry indicates that the cytoplasmic membrane is permeabilized due to the virus genome transfer via a channel (34) .
Genetic manipulation of PM2 and its marine host bacteria belonging to the genus Pseudoalteromonas has been limited so far. By screening Antarctic bacteria for the presence of autonomously replicating extrachromosomal genetic elements, a cryptic plasmid, pMtBL, from a gram-negative bacterium, Pseudoalteromonas haloplanktis TAC125, was identified (46) . The isolation of the autonomously replicating sequence from the plasmid and the development of a shuttle vector replicating in Escherichia coli and in Pseudoalteromonas (46) enabled us to set up genetic methods for PM2. In this study, we utilized synthetic suppressor tRNA genes in constructing a set of vectors and making them able to suppress amber mutations. We also describe a site-directed mutagenesis system for the PM2 virus. Using host bacteria carrying a suppressor plasmid, the mutant could be rescued.
MATERIALS AND METHODS
Bacteria and phage. E. coli HMS174 (7) and strain HB101 (41) were used as cloning hosts, and S17-1(pir) (43) was used as a donor for interspecies conjugation of the plasmids from E. coli to Pseudoalteromonas. E. coli cells were grown at 37°C in Luria-Bertani medium (41) . Bacteriophage PM2 (14) was propagated on either Pseudoalteromonas sp. strain ER72M2 (25) or P. espejiana BAL-31 (13) at 28°C in SB broth (25) .
Construction of the suppressor tRNA-carrying plasmids. The plasmids and DNA constructions used in the study are listed in Table 1 . DNA manipulations were done using standard molecular biology techniques (41) . The shuttle vector cloneQ was transferred into ER72M2 and BAL-31 cells by transformation (47) . Plasmid pPM13 is a shuttle vector replicating in both E. coli and P. haloplanktis TAC125 (12, 46, 48) . It was used for expression of the E. coli-derived tRNA genes in the PM2 host bacteria. For selection of the suppressor activity, the codon for glutamine (Q37) of the ampicillin resistance gene (␤-lactamase) of pPM13 was replaced by an amber stop codon (TAG) using the Quick Change site-directed mutagenesis method (Stratagene) and Pfu Ultra DNA polymerase (Stratagene). Specific complementary primers containing altered nucleotides were used to produce the amino acid change and to create a SpeI restriction site for screening. The mutated DNA was transformed into the HB101 strain, which contains a tRNA suppressor (supE44), and the clones were selected with ampicillin. The recovered plasmid was named pSM25 (Fig. 2A) , and the mutation was verified by DNA sequencing. Another antibiotic resistance marker, the gene for chloramphenicol transacetylase, was cloned between the NdeI and XbaI restriction sites of pSM25. The gene was amplified by PCR using pSU18 as a template and specific primers carrying NdeI and XbaI restriction sites at the ends. The resulting construction was named pSM27 (Fig. 2B) .
Suppressor tRNA genes were inserted into the SmaI site of pSM27. They were cut out with PvuII enzyme from amber suppressor plasmids (Interchange Amber Suppressor in vivo Mutagenesis System kit; Promega [26, 39] (Fig. 2C) . The plasmids were transferred from E. coli S17-1(pir) into Pseudoalteromonas sp. strain ER72M2 or P. espejiana BAL-31 cells by conjugation (45) . The cells were grown on SB plates at 28°C; kanamycin was used for the counterselection of the donor bacterium, and chloramphenicol was used to select the plasmid-containing conjugants. 
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Cloning of the PM2 genome into a plasmid vector. The PM2 DNA was isolated from the purified virus by sodium dodecyl sulfate (SDS) treatment, followed by three phenol extractions (35) . It was linearized by cutting at a unique PstI site and ligated with a PstI-digested pBR332 vector. The construction was transformed into HB101 using tetracycline selection, and the resulting plasmid was named pJB140. The phage genome was digested from the vector by PstI endonuclease, ligated into a circular form, and transferred into ER72M2 cells by electroporation (30) .
Site-directed mutagenesis of the PM2 genome. Four new unique restriction enzyme cleavage sites (EcoRI, XbaI, SacI, and BamHI at positions 2502, 4863, 7173, and 9877, respectively) were introduced to the PM2 genome by site-directed mutagenesis. The genome was amplified into four fragments, which were digested with the appropriate enzymes and ligated with a pSU18 or pSU19 vector. The resulting plasmids were named pHMK1 to pHMK4. The four genomic fragments were cut out from the plasmids, separated by agarose gel electrophoresis, mixed together, and ligated back to a circular form. The purified ligation mixture was transferred into ER72M2 by electroporation (30) . Plaques were purified by three subsequent single-plaque purifications. The new cleavage sites in the genome were confirmed by digestions with the appropriate restriction enzymes. The altered phage genome was named PM2V1 (Fig. 3A) .
PM2V1 was digested with BamHI and XbaI restriction enzymes and cloned as two separate fragments (5,059 bp and 5,020 bp) in pSU18 between BamHI and XbaI sites. The resulting plasmids were named pSM123 and pSM124, respectively (Fig. 3B ). The PM2V1 fragments were cut out from the plasmids by BamHI and XbaI, isolated from the agarose gel, and ligated into BamHIdigested pBR322 as a three-fragment ligation. The resulting plasmid, pSM96, was amplified in E. coli HMS174 and selected with tetracycline. The PM2V1 genome was cut out from the plasmid (BamHI), ligated into a circular form, and transferred to ER72M2 cells by electroporation (30) to confirm the viability of the phage after DNA manipulations.
Plasmid pSM124 was used as a template to mutate the PM2 gene X. An amber mutation was introduced at position 7224 encoding a histidine residue (H47) of protein P10, and an EcoRV site was generated at position 7248 for screening of the mutation. The resulting plasmid, pSM76, was amplified in HMS174 (Fig. 3C) . The PM2-specific fragment was cut out by BamHI and XbaI, isolated from the agarose gel, and ligated with the other half of the genome (a BamHI-and XbaI-digested wild-type [wt] PM2V1 fragment from pSM123) and the BamHIdigested pBR322. The resulting plasmid was named pSM93 (Fig. 3D ). After amplification in HMS174, the plasmid was digested with BamHI to release the PM2V1 genome carrying the amber mutation in gene X. It was isolated from the agarose gel, ligated to a circular form, and transferred by electroporation into ER72M2 cells containing one of the suppressor plasmids.
Recovery of the mutant virus. A single plaque was picked from the plate and resuspended in 500 l of SB, diluted, and plated with soft agar on SB (chloramphenicol, 25 g/ml) with the suppressor tRNA-containing host. The plates were grown overnight at 28°C. The soft agar from a semiconfluent plate was collected, 4 ml of SB (chloramphenicol, 25 g/ml) was added, and the phage stock was grown for 1 h at 28°C. After centrifugation (in a microcentrifuge at 10,000 rpm for 10 min), the stock was plated on the suppressor tRNA-containing bacteria and wt host bacteria. Virus agar stocks were grown for 3 h, and they were prepared for each one-step growth of the virus.
Growth and purification of virus particles. Wt and mutant virus particles were produced by infecting ER72M2 cells (7 ϫ 10 8 CFU/ml) with fresh virus agar stock using a multiplicity of infection (MOI) of 10. After cell lysis and treatment of the lysate with DNase I (60 g/ml; 30 min; ϩ28°C), particles were precipitated with polyethylene glycol 6000 and purified by rate zonal centrifugation in sucrose as described previously (24) . The particles were collected by differential centrifugation.
To separate the capsid and the lipid core, the purified particles resuspended in 20 mM MOPS (morpholinopropanesulfonic acid), pH 7.2, 100 mM NaCl buffer were disrupted by freezing and thawing them three times (Ϫ20°C). The soluble capsid components were separated from the lipid cores by differential centrifugation (Beckman Airfuge, A110 rotor; 29 lb/in 2 ; 20 min). The lipid cores were washed once with the buffer and collected (as described above). The protein compositions were analyzed by SDS-polyacrylamide gel electrophoresis using 14% polyacrylamide-Tricine-SDS gels (42) . Protein concentrations were deter- mined with Coomassie brilliant blue by the Bradford assay using bovine serum albumin as a standard (6) . Phage adsorption assay. The phage adsorption was assayed in SB broth at 28°C by infecting ER72M2 cells (3 ϫ 10 8 CFU/ml) at an MOI of ϳ0.3 (23). The adsorption mixture was incubated with shaking for 10 min. After the removal of the cells by centrifugation, the number of nonadsorbed particles was determined from the supernatant by plaque assay. To test Sus2 receptor binding, ER72M2 cells were first incubated with cell lysate containing Sus2 particles for 15 min to saturate the receptors and then infected with wt virus (MOI, ϳ0.3). After a 10-min adsorption period, the number of nonadsorbed wt particles was determined by plaque assay. MOIs for Sus2 were calculated by assuming that the Sus2 lysate contained an amount of particles corresponding to that of the wt lysate (at least 2 ϫ 10 11 PFU/ml). Measurements of ion fluxes. Ion fluxes were measured as described previously (10, 23) with minor modifications. Briefly, ER72M2 cells were grown to a density of ϳ6 ϫ 10 8 CFU/ml, collected by centrifugation, and resuspended in a buffer (50 mM Tris-HCl, pH 8.0, 450 mM NaCl) to an ϳ1:65 proportion of the original volume. The cells were diluted with the same buffer supplemented with 10 mM CaCl 2 to the original cell density, incubated for 7 minutes with intensive aeration at 28°C, and infected with purified wt or Sus2 particles using an MOI of ϳ20. Sus2 particles were added corresponding to the amount of wt PM2 (measured as 5 ϫ 10 12 PFU/mg of protein). The concentrations of tetraphenylphosphonium (TPP ϩ ) and K ϩ in the medium were measured in 5-ml thermostatic vessels with selective electrodes. The intracellular K ϩ content and the nonspecific binding of TPP ϩ were determined by adding gramicidin D (GD) (5 g/ml) and polymyxin B sulfate (25 g/ml). The characteristics of the TPP ϩ -selective electrode have been described previously (10) . The K 
RESULTS
The replicon of the plasmid from the Antarctic gram-negative bacterium P. haloplanktis TAC125 is functional in the PM2 host bacteria BAL-31 and ER72M2. No plasmids replicating in P. espejiana BAL-31 or Pseudoalteromonas sp. strain ER72M2 had been previously identified. By testing the sensitivities of the species to common antibiotics, it was revealed that BAL-31 and ER72M2 were resistant to kanamycin (25 to 50 g/ml) but sensitive to ampicillin (10 to 150 g/ml), chloramphenicol (15 to 25 g/ml), and tetracycline (10 to 20 g/ml). The isolation of the autonomously replicating element of the multicopy plasmid pMtBL from the phychrophilic gram-negative P. haloplanktis TAC125 strain and development of a shuttle vector system (46) widened the options for setting up genetic methods to manipulate PM2. The constructed shuttle vector, cloneQ, carrying the autonomously replicating element from P. haloplanktis, the origin of replication from E. coli, and the origin of conjugative transfer (oriT) was able to replicate in two coldadapted gram-negative bacterial species, as well as in E. coli (46) . To determine whether it could replicate in PM2 host bacteria, cloneQ was transferred into ER72M2 and BAL-31 cells by transformation. The cells were grown in SB medium supplemented with ampicillin. Several ampicillin-resistant colonies appeared. CloneQ was isolated from recombinant strains using a standard plasmid isolation alkali-lysis method. Later, it was demonstrated that cloneQ and its derivatives could be transferred from E. coli S17-1(pir) to ER72M2 and BAL-31 by conjugation. The presence of the vector in the host bacteria did not interfere with virus replication. The sensitivity of P. haloplanktis TAC125 cells to the phage was also tested using a plaque assay. It appeared that PM2 did not form plaques on P. haloplanktis TAC125.
The shuttle vector-encoded amber suppressor tRNA genes are active in E. coli. In an attempt to produce PM2 viruses carrying a nonsense mutation in an essential gene, our first trial was to construct host bacteria with suppressor activity based on a plasmid replicon. A cloneQ derivative shuttle vector, pPM13, replicates in E. coli, ER72M2, and BAL-31 (Table 1) (12, 48) . To screen the suppressor activity, we first constructed E. coli strains carrying a plasmid with both a suppressor tRNA gene and a nonsense mutation in a selectable marker. Using sitedirected mutagenesis, an amber stop codon (TAG) was introduced into the pPM13 shuttle vector. The amber codon replaced the codon for glutamine (Q37) in the ampicillin resistance gene (bla) (Fig. 2A) . The resulting plasmid, assigned the name pSM25, was transformed into the suppressor strain HB101 (supE44) and strain HMS174, which has no suppressor activity. The clones were selected with ampicillin. Only the colonies of HB101 survived, which indicates that the altered selectable marker conferred bacterial resistance to ampicillin only upon suppression of the amber stop codon. Another selectable marker was introduced into the plasmid pSM25 by amplifying the gene for chloramphenicol transacetylase (cat) of plasmid pSU18 and ligating it between NdeI and XbaI restriction sites. The resulting plasmid, pSM27, was transformed into HB101, and the growth of the recombinant colonies was selected for on chloramphenicol-containing plates (Table 1 and Fig. 2B ). The cat gene in pSM27 was also functional in PM2 host bacteria, ER72M2 and BAL-31. However, when selected with ampicillin, the growth of ER72M2 and BAL-31 was inhibited, which indicates that they are not naturally suppressor strains.
Synthetic amber suppressor tRNA genes (suptRNA genes from the Interchange Amber Suppressor in vivo Mutagenesis System kit; Promega) (26, 39) were utilized for the construction of suppressor vectors replicating in both Pseudoalteromonas and E. coli. The tRNA genes are transcribed constitutively from the llp promoter included in the DNA construction. Six different suptRNA genes derived from E. coli (PvuII fragments from the plasmids in the Interchange kit) were cloned into the SmaI site of pSM27. The resulting suptRNA shuttle vectors, pSM8 to pSM13, contained the amber suppressor tRNA genes for tRNA Cys Fig. 2C ). The constructs were amplified one at a time in the strain HB101 (supE) containing suppressor activity and transferred into the nonsuppressor strain HMS174 to test the functionality of the constructions in E. coli. Ampicillin-resistant colonies of HMS174 appeared, showing that the plasmid-encoded amber suptRNA genes were active in E. coli due to the production of ampicillinhydrolyzing ␤-lactamase. Sequencing of the resulting plasmids confirmed the orientation of the cloned fragments. The PvuII fragments of the amber suppressor tRNAs for cysteine, glutamic acid, phenylalanine, and proline were oriented in the opposite direction to the chloramphenicol transacetylase gene. Histidine-and glycine-inserting suptRNA genes were transcribed in the same direction as the cat gene (Fig. 2C) .
Plasmid-encoded synthetic E. coli-derived suppressor tRNA genes are active in pseudoalteromonads. After finding that suptRNA shuttle vector constructs were functional in E. coli, the constructs were tested in Pseudoalteromonas strains. Since ER72M2 and BAL-31 do not carry indigenous suppressors, ampicillin-resistant colonies could appear only if the suptRNA genes in the plasmid replicon could suppress the nonsense mutation of the bla gene. The suppressor plasmids pSM9 to pSM13 were transferred from strain S17-1(pir) into ER72M2 and BAL-31 cells by conjugation. The conjugants were selected with chloramphenicol (25 g/ml) and kanamycin (50 g/ml). To test the tRNA-mediated suppression, the strains were grown on SB plates supplemented with chloramphenicol (25 g/ ml) and ampicillin (50 g/ml). Plasmids pSM9 (suptRNA Gly ), pSM11 (suptRNA His ), pSM12 (suptRNA Phe ), and pSM13 (suptRNA Pro ) were functional in ER72M2 (Table 2 ). In BAL-31, pSM8, encoding the suptRNA for cysteine, was also active. In both cells, plasmid-encoded suptRNA Glu (pSM10) did not suppress the stop codon in the ampicillin resistance gene. We compared the nonsense suppressor efficiencies by growing the clones with increasing amounts of ampicillin ( Table 2 ). The plasmid-encoded suppressor tRNAs for glycine, histidine, phenylalanine, and proline restored the activity of ␤-lactamase, which hydrolyzed ampicillin even at 800 g/ml ( Table 2 ). All ER72M2 and BAL-31 strains containing suppressor activity were sensitive to PM2 at the same level as the wt host strain, as determined by plaque assay.
PM2 genome can be manipulated in E. coli. To test whether the PM2 genome can be manipulated in vitro by DNA techniques, amplified in E. coli, and transferred back to the host bacterium, we cloned the phage genome into the pBR322 vector. After isolation from E. coli strain HB101, the PM2 genome was digested from the construction, ligated into a circular form, and transferred by electroporation into ER72M2, which resulted in plaques, showing that the virus was viable. The tight supercoiled structure of the circular PM2 genomic DNA (15) is not a prerequisite for electroporation and transfection.
Construction of a PM2 nonsense mutant. To exploit the usefulness of the standard recombinant DNA techniques in E. coli and to manipulate the genome more easily, we inserted four unique restriction enzyme cleavage sites into the PM2 genome by site-directed mutagenesis. The genome was amplified in four fragments. The new cleavage sites were designed for endonucleases EcoRI, XbaI, SacI, and BamHI cutting the genome at positions 2502, 4863, 7173, and, 9877, respectively. The circular PM2 genome was used as a template, and specific oligonucleotides with the desired restriction enzyme sites were used as primers. Introduction of new restriction enzyme recognition sites in the PM2 genome resulted in four amino acid changes in the protein-coding regions of gene IX (V84L), gene X (V34L), and gene XVII (L34I and I35L). The fragments were cloned in pSU18 or pSU19 vectors for amplification (Table 1 , plasmids pHMK1 to pHMK4). The phage-specific fragments from pHMK1 to pHMK4 were isolated and ligated back into circular form. The reconstructed genomes were transferred into ER72M2 by electroporation. The modified phage was designated PM2V1 (Fig. 3A) . The titer of PM2V1 and the one-step growth curve of PM2V1 infection were the same as those of the wt phage (data not shown).
For site-directed mutagenesis, the PM2V1 genome was cloned as two separate fragments into the (BamHI-XbaI and XbaI-BamHI) pSU18 vector, creating plasmids pSM123 and pSM124 ( Fig. 3B and Table 1 ). Plasmid pSM124 was used as a template, and an amber mutation was generated in gene X at the position 7224 by PCR using oligonucleotides with the desired mutation. The resulting plasmid, pSM76, had an amber stop codon, TAG, replacing the histidine residue (H47) in the beginning of the coding region of protein P10 (Fig. 3C) . In order to construct and amplify the entire mutated virus genome in E. coli, the virus-specific fragments from the plasmids pSM123 and pSM76 were cut, isolated, and cloned together with the BamHI-digested pBR322 vector, resulting in the construct pSM93 (Fig. 3D and Table 1 ). The digestion of the pSM93 plasmid with BamHI restriction enzyme released the full-length mutated virus genome, which was circularized into its native form (Fig. 3E) to be tested in suppressor Pseudoalteromonas host cells.
The amber mutation H47 in PM2 gene X can be suppressed by suptRNA Pro and suptRNA His . To recover nonsense mutant phages, the mutated genome was transferred by electroporation into ER72M2 hosts expressing plasmid-encoded tRNA suppressors. The resulting plaques were picked up and tested directly by plating them on the corresponding suppressor host and wt host. One turbid plaque smaller than those of the wt virus was detected on the suppressor strain ER72M2(pSM13). The plaque was purified by three subsequent single plaque isolations using the suppressor strain. This PM2 nonsense mutant having a mutation in the gene X was assigned as sus2.
The abilities of the different plasmid-encoded suppressor tRNAs to suppress the nonsense mutation in sus2 were tested by plating the mutant virus on different suppressor hosts. The mutant phenotype of sus2 could be rescued when the suptRNA Pro or suptRNA His gene was provided in trans in a plasmid replicon (pSM13 or pSM11, respectively). The determined titers of the mutant virus grown as agar stocks were ϳ5 ϫ 10 11 and ϳ1 ϫ 10 10 PFU/ml on the suppressor ER72M2(pSM13) and ER72M2(pSM11) strains, respectively, and ϳ5 ϫ 10 3 PFU/ml on the wt host. Protein P10 is not crucial for particle formation. To analyze the phenotypic defects resulting from the mutation in gene X, ER72M2 cells were infected using an MOI of 10 with Sus2 grown on a suppressor strain, ER72M2(pSM13). The timing of the host cell lysis in the Sus2 infection followed that of the wt (data not shown). The released particles were purified by rate zonal sucrose centrifugation. After centrifugation through a 5 to 20% sucrose gradient, one light-scattering zone was detected similar to that seen in the wt particle purification. However, the infectivity of the mutant particles was reduced by ϳ5 orders of magnitude. The specific infectivity of the purified mutant particles was ϳ3.2 ϫ 10 7 PFU/mg of protein. By comparing the number to the specific infectivity of the purified wt particles (ϳ2.8 ϫ 10
12 PFU/mg of protein), we can conclude that the Sus2 particles were noninfectious.
The protein compositions of the purified mutant and wt particles were determined by SDS-polyacrylamide gel electrophoresis (PAGE), followed by Coomassie blue staining. The protein P10 (29 kDa) is associated with the lipid core particle (Fig. 1) , and its mobility in SDS-PAGE is the same as that of a The strains harboring one of the plasmids were grown in liquid SB medium supplemented with 25 g/ml of chloramphenicol and the indicated amount of ampicillin for 24 h at ϩ28°C. The optical density (OD) of the cultures at saturation was recorded at 600 nm. VOL. 190, 2008 PM2 ENTRY-DEFICIENT sus2 MUTANT 1303 the abundant capsid protein P2 (30.2 kDa). To visualize protein P10, the phage membrane was separated from the capsid components. The purified mutant particles were disrupted by freezing and thawing them and by addition of EGTA, after which the lipid cores were separated from the soluble capsomers by differential centrifugation. Both phages showed the normal protein composition, except that the lipid core-associated protein P10 was absent from the mutant Sus2 particles (Fig.  4A ). This shows that protein P10 is not essential for PM2 particle formation. Protein P10 is needed for host cell penetration but not for receptor recognition. Our results showed that PM2 assembles normally in the absence of protein P10, but the resulting particles are noninfectious, which suggests that P10 plays a role in the infection process. Binding of the virions was studied by determining the number of nonadsorbed particles scored by plaque assay. When ER72M2 cells were infected with wt particles using a low MOI (0.3), at 10 min postinfection, over 90% of the virions were adsorbed to the host cell surface. Since Sus2 particles cannot produce progeny viruses on a solid medium, the number of nonadsorbed particles cannot be determined by titration assay. When the adsorption assay was used, the wt phage binding was challenged by Sus2 particles. Cells were first mixed with Sus2 particles (particle extract) or with an identical volume of medium (control) prior to the infection with wt PM2 (MOI ϭ 0.3). If Sus2 particles bound to the host receptor, the number of adsorbed wt PM2 would be lower than in the control infection. Indeed, addition of Sus2 particles (MOI, ϳ300) completely inhibited the adsorption of wt particles (Fig. 4B) . Half of the particles were adsorbed in the presence of the Sus2 particle extract using an MOI of ϳ30. Since Sus2 particles had an inhibitory effect on wt virus receptor binding, it is clear that protein P10 does not interfere with the initial step of infection, which is the recognition of the receptor.
Since the receptor recognition of the P10-deficient particles was unaltered, the following entry steps are most probably compromised. After binding to the receptor, the phage genome has to pass the cell envelope to reach the cytoplasm. In many cases, this event is associated with alterations in the membrane potential (⌬⌿) and efflux of potassium ions (34) . The distribution of TPP ϩ between the cell cytosol and the surrounding medium is membrane voltage (⌬⌿) dependent and is therefore used to follow the voltage of the cytoplasmic membrane, while the efflux of intracellular K ϩ signifies the increase in the cytoplasmic membrane permeability. On the other hand, the low permeability of the outer membrane, due to the lipopolysaccharide layer, to lipophilic molecules, such as TPP ϩ and the ionophoric antibiotic GD, enabled us to follow the virus entry-specific effects on the outer membrane during virus penetration. For instance, a fusion between the phage membrane and the host outer membrane significantly increases the permeability of the latter to lipophilic cations and bulky ionophoric antibiotics (11, 23, 29) . By measuring the ion fluxes during PM2 phage infection it has been shown that wt particles induce transient permeabilization of the outer membrane, which can be interpreted as a fusion event (23) .
The effects of Sus2 particles on the envelope permeability of ER72M2 cells were studied by monitoring TPP ϩ accumulation in the cell cytoplasm and measuring the efflux of intracellular potassium ions. When ER72M2 cells were infected with wt PM2, an immediate drop in the extracellular TPP ϩ concentration was observed (Fig. 4C) . This signified the increase of permeability in the outer membrane due to the fusion of the viral membrane with the outer membrane of the host, as proposed previously (23, 29) . The fast accumulation of TPP ϩ was followed by the leakage of intracellular TPP ϩ into the medium, which indicated a decrease in ⌬⌿. This is consistent with the efflux of intracellular K ϩ (Fig. 4D) , which started shortly after infection with the wt PM2. However, when Sus2 particles were added to the cell suspension, no such effects on the cell envelope permeability were observed ( Fig. 4C and D) , which resembles the pattern of TPP ϩ and K ϩ fluxes in noninfected ER72M2 cells (reference 23 and data not shown). Furthermore, unlike the wt PM2, Sus2 particles were not able to increase outer membrane permeability for the translocation of GD (Fig. 4C and D and data not shown) . 8 CFU/ml. ER72M2 cells were infected with either wt (black curve) or Sus2 (gray curve) virus particles using an MOI of ϳ20. GD and polymyxin B sulfate (PMB) were added to a final concentration of 5 g/ml and 25 g/ml, respectively.
DISCUSSION
We applied well-established molecular-cloning techniques for E. coli to the analysis of corticovirus PM2 infecting marine Pseudoalteromonas to generate a system to construct mutant viruses. We describe a convenient system for inserting nonsense mutations into the genome of the dsDNA virus PM2, using site-directed mutagenesis. In addition to the characterization of the mutant phenotype, we present here the rescue of the mutant by plasmid-encoded synthetic amber suppressor tRNA. The development of methods for genetic analysis of bacteriophage PM2 is crucial for increasing our understanding of the structural characteristics of the family Corticoviridae ( Fig. 1 is a schematic presentation of the virion organization) . PM2 is a model system well-suited to the analysis of membrane-aided packaging and release of circular supercoiled dsDNA. Without methods for analyzing the functions of the virion components and for identifying which genes are involved in different stages of the virus replication cycle, the structural observations will remain static. Genetic engineering of the viral genome, producing mutants with different phenotypes, is the most direct method for addressing these questions.
The genetic engineering of Pseudoalteromonas has been primitive due to the lack of tools commonly used in modern molecular microbiology. Most probably due to unique replication properties, the only extrachromosomal replicon that has been shown to replicate in P. espejiana BAL-31 and Pseudoalteromonas sp. strain ER72M2 is the phage PM2 genome. No indigenous plasmids are known. The recent development of the shuttle vector system in the cold-adapted gramnegative bacterium P. haloplanktis TAC125 (46) gave us the opportunity to use bacterial genetics in PM2 host bacteria. It revealed that the shuttle vector cloneQ and its derivatives also replicate in both PM2 host species, in addition to the reported psychrophilic species of Pseudoalteromonas, Psychrobacter, and E. coli (46) . No natural suppressor host bacteria are available for PM2. Therefore, we constructed strains with suppressor activity by genetics, exploiting the shuttle vector replicon. We refined the shuttle vector for the rescue of virus nonsense mutants with the help of synthetic suppressor tRNA genes. Moreover, the selectable marker bla gene encoding ␤-lactamase was mutated by inserting a nonsense mutation (Fig. 2) . Employing the bla nonsense mutation for detection of suppressor activity, the constructed plasmids were first tested in E. coli and then in the Pseudoalteromonas strains BAL-31 and ER72M2, which showed that the constructs were active. Suppression of the amber stop codon in the bla gene by the suppressor strains resulted in the production of full-length ␤-lactamase, actively hydrolyzing ampicillin. The plasmids conferred resistance to ampicillin even with as high a concentration as 800 g/ml (Table 2) .
To demonstrate that Pseudoalteromonas suppressor strains can be utilized for rescuing viral mutants, an amber mutation was introduced into the PM2 genome (Fig. 3) . The viral sus2 mutant generated by introducing a site-specific in-frame amber mutation into gene X (substituting a His47 codon for a TAG codon) could be rescued when the suptRNA Pro or suptRNA His gene was provided in trans in a plasmid replicon with a significant difference in plating efficiency on the suppressor strains (ϳ1 ϫ 10 10 to 5 ϫ 10 11 PFU/ml) and on the wt host (ϳ5 ϫ 10 PFU/ml). In general, the efficiency of suppression is site specific, resulting in different levels of suppression that were detected by using different synthetic suppressor tRNAs ( Table 2) . The amber codon in bla replacing the glutamine tolerated substitution with all tested amino acids (Cys, Gly, Glu, His, Phe, and Pro) in E. coli. Negatively charged glutamic acid was not tolerated in that position in BAL-31 and ER72M2. Also, cysteine-inserting suptRNA did not restore the activity of ␤-lactamase in ER72M2. In these cases, however, ampicillin resistance, via suppression, was the selective pressure.
Our previous results suggested that the infection mechanism of PM2 is different from that described for other dsDNA bacteriophages (23) . Despite considerable understanding of the general details of linear dsDNA delivery (for reviews, see references 20 and 33), we lack fundamental insights into the steps of a circular dsDNA genome penetration across the bacterial envelope. Here, we describe a new component, protein P10, essential for the phage DNA delivery. The absence of protein P10 did not affect DNA packaging or particle assembly. The replication cycle of sus2 was quite similar to that of the wt infection. Nonetheless, the mutation resulted in the production of noninfectious virus particles. The receptor binding domain of PM2 has been functionally defined as the distal carboxyterminal domain of spike protein P1 (19) . This fragment competed the binding of virions on the host cell surface consistently (Abrescia et al., submitted). The abundant receptor is uncharacterized, but recently, the X-ray structure of the receptor binding domain and its similarity to a marine bacterial carbohydrate binding protein, Aga16B-CBM6, provided evidence that the cell surface sugar moieties might serve as a receptor for PM2 (Abrescia et al., submitted). The complete competition of wt PM2 receptor binding by Sus2 particles demonstrated that the lack of protein P10 does not interfere with receptor binding (Fig. 4B) .
Receptor binding is thought to trigger conformational changes within the P1 spike complex that are transmitted to the capsid. This leads to the uncoating of the virion and the exposure of the lipid core. Interactions between the membrane and the capsid are coordinated through 120 dimers of protein P3 and 60 molecules of protein P6 (Abrescia et al., submitted). The calcium ions found in the base of coat protein P2 trimers play a role in the stability of these interactions, since upon calcium depletion, the metastable capsid disassembles, exposing the hydrophobic lipid core (24; Abrescia et al., submitted). This mimics the events triggered by receptor recognition. Contrary to the characteristics of a successful phage entry injecting a linear dsDNA genome, after PM2 DNA delivery, no empty capsids are seen on the infected cell surfaces (23) . It has been suggested that the lipid core fuses with the host outer membrane and mediates the translocation of the circular genome into the host cytoplasm by a mechanism reminiscent of those of certain animal viruses (23) . The conformational change in the virus structure and disassembly promotes the fusion activity exposure.
We analyzed the Sus2 particle entry by evaluating the permeability of the host envelope. In the case of wt PM2, fusion with the host outer membrane results in a transient permeability to lipophilic ions, followed by events on the cytoplasmic membrane seen as a decrease in the membrane potential (23 potassium ions or accumulation of lipophilic TPP ϩ indicator ions in the cell cytoplasm, which suggests that the outer membrane remained intact (Fig. 4C and D) . Mutant Sus2 appeared to have normal receptor binding but no detectable membrane fusion activity. Every enveloped virus fuses its membrane with a host cell membrane. Typically, viral surface transmembrane glycoproteins mediate fusion. Common to all fusion mechanisms is the fact that in response to an activating trigger, the fusion protein converts to an extended structure, exposing its fusion peptide, which mediates insertion into the target membrane. Protein P10 is invisible in the electron density map of the crystallized virion (Abrescia et al., submitted) . Thus, it is not icosahedrally organized. However, biochemical analyses of the virion dissociation products have shown that protein P10 is associated with the viral membrane (19) . Also, the amino acid sequence of P10 shows characteristics of an integral membrane protein. The predicted transmembrane region is in its carboxy terminus (TMHMM prediction) (27) . Therefore, the amino terminus would face outward on the lipid core surface. These results suggest that protein P10 acts early in the fusion pathway, perhaps involving the initial interaction of the virus membrane with the target membrane.
Suppression strains often grow slowly because of misreading elsewhere. Additionally, nonsense mutations might cause polar effects on downstream genes. Gene X is immediately upstream of gene I, encoding the receptor binding protein P1. According to Coomassie blue-stained SDS-PAGE gels, protein P1 was incorporated into the Sus2 particles in normal amounts (Fig.  4A ). This indicates that the amber codon in gene X has no polar effects on downstream genes, showing that the entryincompetent phenotype of sus2 is not caused by the lack of the receptor binding protein P1 or other gene products expressed downstream of gene X, proteins P5 and P6.
In conclusion, we have established a shuttle vector-based system for rescuing PM2 nonsense mutants in marine Pseudoalteromonas by making use of a set of synthetic suppressor tRNAs. The versatility of the system was demonstrated by the virus sus2 nonsense mutant with a specific amber mutation in the X gene. The results confirmed the essential role of the lipid core-associated protein P10 in virus entry. Together, these findings extended the results of earlier studies of PM2 DNA delivery, but clearly, many questions will need to be addressed concerning the mechanism of circular dsDNA genome delivery and penetration across the gram-negative cell envelope. However, considering that PM2 infection is supposed to depend on unidentified viral proteins, several candidates for promoting DNA delivery are present that associate with the viral membrane (Fig. 1) . Further studies will reveal to what extent one can utilize the potential of generating virus mutants.
